In spite of the great expectations for epitaxial graphene (EG) on silicon carbide (SiC) to be used as a next-generation high-performance component in high-power nano-and micro-electronics, there are still many technological challenges and fundamental problems that hinder the full potential of EG/SiC structures and that must be overcome. Among the existing problems, the quality of the graphene/SiC interface is one of the most critical factors that determines the electroactive behavior of this heterostructure. This paper reviews the relevant studies on the carrier transport through the graphene/SiC, discusses qualitatively the possibility of controllable tuning the potential barrier height at the heterointerface and analyses how the buffer layer formation affects the electronic properties of the combined EG/SiC system. The correlation between the sp 2 /sp 3 hybridization ratio at the interface and the barrier height is discussed. We expect that the barrier height modulation will allow realizing a monolithic electronic platform comprising different graphene interfaces including ohmic contact, Schottky contact, gate dielectric, the electrically-active counterpart in p-n junctions and quantum wells.
Introduction
Due to the never-ending miniaturization of electronic devices and integrated circuits, the spatial sizes of the materials become sufficiently small for new size-dependent physical limitations to effective carrier and heat transport to occur. Such constraints are governed to a large extent by the formation of an unstable transition layer at the heterointerface between two different materials. This is particularly the case of epitaxial graphene grown on silicon carbide (SiC), where complete decoupling of the graphene from the SiC surface is still a great challenge, and the interface significantly impacts many properties of graphene. Thus, a reliable control of heteroboundary quality and deep understanding of the physical nature of interface formation are imperative in order to produce device-quality graphene having the realistic chance to reach the market.
There exists evidence that up to 30% of the carbon atoms in the semiconductor-like transition carbon layer (called also the buffer layer, zero graphene layer or interfacial layer) are covalently bonded to the Si atoms (belonging to SiC) by sp 3 hybridized bonds [1] [2] [3] . It is believed that the first graphene layer fits into a (6 √ 3 × 6 √ 3) R30 • surface reconstruction on SiC, and the (6 √ 3 × 6 √ 3) R30 • unit cell ideally coincides with a graphene unit. However, recent research findings with more sensitive and precise techniques raise additional concerns about buffer layer formation and have revealed that the buffer layer is not commensurate with SiC surface reconstruction [4] . From the thermodynamic and chemical points of view, such features (namely, the formation of additional C-Si bonds at the graphene/SiC interface) are originating from the natural necessity to saturate the remaining Si dangling bonds (after high (1) The vertical structure for electrical measurements can be prepared by simple mechanical contact between exfoliated graphene and the desired SiC substrate. The starting point of the sample preparation in this case is a mechanical exfoliation of highly-oriented pyrolytic graphite (HOPG) by sticky tape, followed by the application of the exfoliated graphene films onto the SiC surface.
From the literature analysis, we know that there are many techniques for the exfoliation of graphite based on common mechanical mechanisms [33] . (2) Graphene formed on the carbon-face SiC by high-temperature thermal decomposition of the SiC substrate can be also chosen as a sample for electrical characterization. Indeed, it has been repeatedly shown that the growth of graphene on the carbon-face SiC substrate does not promote the formation of the buffer layer [34] . (3) Another way to avoid the undesirable buffer layer is intercalation of graphene grown on the Si-face SiC substrate by high-temperature Si sublimation. The main scenario for this is to break the covalent bonds between the buffer layer and Si atoms on the SiC surface and to saturate the silicon dangling bonds. Then, the buffer layer can be converted into a new graphene layer with graphene symmetry and typical electronic structure. As was confirmed by experimental studies, H [9, 35] , Na [36] , O [37, 38] , Li [39] , Si [40] , Au [12] , F [11] and Ge [41] intercalation can transform the buffer layer into a graphene layer with enhanced electrical performance in comparison with untreated monolayer graphene, which exists on the buffer layer. Intercalant species can penetrate into the interface between the buffer layer and the Si-face SiC substrate and create the chemical bonds with topmost Si atoms, thereby causing the transformation of the buffer layer to quasi-free-standing graphene. It is interesting to note that non-metallic (for example, fluorine, oxygen and hydrogen) intercalations are expected to be more effective since they can strongly covalently interact with Si species of the SiC.
Let us consider a physical model of the contact between exfoliated graphene and uniformly-doped n-type silicon carbide, assuming the absence of any intermediate phases or surface states between them. In such an ideal case, the Fermi level is located at the Dirac point of graphene. Since the electron affinity of 4H-SiC (3.7 eV) is less than the work function of graphene (4.2 eV), the flow of electrons from the semiconductor exceeds the flow of electrons from the graphene (Figure 1) . As a result, graphene acquires a negative charge, whereas the silicon carbide acquires a positive charge. Consequently, the built-in electric field between the contacting materials will prevent the further charge transfer from the silicon carbide to graphene. The exchange of charges between the semiconductor and graphene will proceed until the Fermi energies of the two materials and thermionic emission currents reach thermal equilibrium. As a result, near the surface of the semiconductor, energy bands are bent upward, and the contact resistance increases significantly. Chen et al. [42] reported a direct experimental observation of the band bending at the interface between epitaxial graphene and 6H-SiC by using in situ synchrotron-based photoemission spectroscopy. It was revealed that the band bending depends strongly on the polarity of the surface of the underlying substrate ( Figure 2 ) and increases from 0.4 eV (for graphene on Si-terminated 6H-SiC) to 1.3 eV (in the case of graphene on C-terminated 6H-SiC). Obviously, this difference is caused by the unique nature of the growth kinetics and structural features of epitaxial graphene on silicon carbide substrates with different polarity faces. It is generally accepted that in the case of graphenization on a C-terminated 6H-SiC, the buffer layer is absent, and the interaction between the substrate and the graphene is largely unabated. It suggests that this graphene possesses a single linearly-dispersing π-band with the Dirac point located close to the Fermi level. However, according to some experimental data, the energy of the Dirac point may vary from +33 meV (p-doped) to −14 meV (n-doped) and even more [43] . Additional small doping may be caused by the presence of dangling bonds at the interface. Obviously, it could also affect the barrier height and electron transport through the interface. As has been shown in the work of Jayasekera and others [44] , in the case of an unpassivated interface, the main source of electron doping is dangling bonds on the remaining carbon atoms (Figure 3a) , while the energy states associated with dangling bonds on the silicon atoms are located in the valence band 1 eV above the Fermi level, and their effect can be neglected. A partial passivation of the dangling bonds on the carbon atoms (dangling bonds on silicon atoms still remain) leads to the strong interaction of silicon species with graphene (Figure 3b ), and thus, graphene becomes like a buffer layer, similarly to the case of the graphenization of the Si-face SiC substrate. At the same time, the total surface passivation leads to the fact that interaction between the graphene surface and silicon carbide is weakened so that the completely detached carbon layer acquires the properties of a neutral graphene (Figure 3c ). silicon carbide substrates with different polarity faces. It is generally accepted that in the case of graphenization on a C-terminated 6H-SiC, the buffer layer is absent, and the interaction between the substrate and the graphene is largely unabated. It suggests that this graphene possesses a single linearly-dispersing π-band with the Dirac point located close to the Fermi level. However, according to some experimental data, the energy of the Dirac point may vary from +33 meV (p-doped) to -14 meV (n-doped) and even more [43] . Additional small doping may be caused by the presence of dangling bonds at the interface. Obviously, it could also affect the barrier height and electron transport through the interface. As has been shown in the work of Jayasekera and others [44] , in the case of an unpassivated interface, the main source of electron doping is dangling bonds on the remaining carbon atoms (Figure 3a) , while the energy states associated with dangling bonds on the silicon atoms are located in the valence band 1 eV above the Fermi level, and their effect can be neglected. А partial passivation of the dangling bonds on the carbon atoms (dangling bonds on silicon atoms still remain) leads to the strong interaction of silicon species with graphene ( Figure 3b ), and thus, graphene becomes like a buffer layer, similarly to the case of the graphenization of the Si-face SiC substrate. At the same time, the total surface passivation leads to the fact that interaction between the graphene surface and silicon carbide is weakened so that the completely detached carbon layer acquires the properties of a neutral graphene (Figure 3c ). [9] . To exclude the buffer layer effect on Schottky barrier formation, the authors used the graphene exfoliated from highly oriented pyrolytic graphite and deposited on 4H-SiC. DG denotes the deposited graphene on the SiC substrate, without the buffer layer [15] . EC represents the energy of the conduction band edge; EF is the Fermi energy for the bulk 4H-SiC; EF,DG is the Fermi energy of exfoliated graphene, which was directly deposited on the SiC surface. ΦDG is the Schottky barrier height. EDirac corresponds to the Dirac point energy. Due to the absence of the buffer layer (only weak van der Waals-like interaction between DG and the Si substrate occurs), EF,gr corresponds to the Dirac point energy. Reprinted from Sonde et al. [15] . Copyright (2009) with permission from The American Physical Society.
Figure 2.
Band line-up at the interfaces between epitaxial graphene and (left panel) the Si-terminated 6H-SiC (0001) and (right panel) the C-terminated 6H-SiC [42] . EC and EV represent the energies of the conduction and valence band edge, respectively. EF is the Fermi energy. The Fermi levels of the two materials are aligned. EG is the band gap energy of the 6H-SiC. Reprinted from Chen et al. [42] . Copyright (2010) with permission from The Japan Society of Applied Physics.
Figure 1.
Energy band diagram of the graphene Schottky contact to silicon carbide (4H-SiC) [9] . To exclude the buffer layer effect on Schottky barrier formation, the authors used the graphene exfoliated from highly oriented pyrolytic graphite and deposited on 4H-SiC. DG denotes the deposited graphene on the SiC substrate, without the buffer layer [15] . E C represents the energy of the conduction band edge; E F is the Fermi energy for the bulk 4H-SiC; E F,DG is the Fermi energy of exfoliated graphene, which was directly deposited on the SiC surface. Φ DG is the Schottky barrier height. E Dirac corresponds to the Dirac point energy. Due to the absence of the buffer layer (only weak van der Waals-like interaction between DG and the Si substrate occurs), E F,gr corresponds to the Dirac point energy.
Reprinted from Sonde et al. [15] . Copyright (2009) with permission from The American Physical Society.
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In the third case of the absence of a buffer layer, after exposure to intercalants, we consider how hydrogen intercalation effects the electrical properties of the vertical graphene/SiC structure. As has been reported by Dharmaraj et al. [45] , the vertical structure composed of as-grown epitaxial graphene and the Si-face SiC substrate exhibits a rectifying behavior with large leakage current under reverse bias (the Schottky barrier height in this case is approximately equal to 0.55 ± 0.05 eV). The authors ascribed this quite low value of the Schottky barrier height to the enhanced density of unsaturated silicon bonds in the vicinity of the interface. For correctness, the covalently bound C atoms should be also taken into account. Due to these reasons, Fermi level pinning induced by charge transfer occurs. The band diagram presented in Figure 4a clearly demonstrates that both the presence of silicon dangling bonds and the buffer layer leads to strong n-type doping of graphene and, as a consequence, an increase of the work function and reduction of the Schottky barrier height. During hydrogen intercalation, hydrogen species simultaneously saturate the silicon dangling bonds and break partially the covalent bonds between the buffer layer and the Si-terminated surface of SiC, thereby decoupling the buffer layer. As a result of the removal of the buffer layer and the partial saturation of unsaturated Si bonds, the hydrogen-intercalated epitaxial graphene/SiC structure demonstrates improved rectifying behavior with low leakage current in the reverse bias regime (the Schottky barrier height after intercalation procedure was estimated to be 0.75 ± 0.05 eV). As can be seen from Figure 4b , an increase in the value of the Schottky barrier height can be explained by Fermi level depinning induced by the reduction of the density of the unsaturated Si bonds and n-type doping of graphene. A complete passivation of the Si-terminated surface may lead to a change in the conductivity type of graphene. The change from n-type to p-type results in the modification of the band bending from upward bending to downward bending, and thus, the electrical properties of the graphene/SiC structure can be also modified.
In the case of epitaxial graphene films on the Si-face of SiC substrates, a carbon-rich buffer layer with partial sp 3 hybridization is always formed [46] . As mentioned above, the buffer layer substantially affects the electronic properties of graphene and causes pinning of the Fermi level and the subsequent reduction of the Schottky barrier height ( Figure 5 ). In particular, it was shown that in the absence of the buffer layer, the barrier height is 0.85 ± 0.06 eV (buffer-free deposited graphene/4H-SiC) [15] and 0.75 ± 0.05 eV (buffer-free hydrogen-intercalated graphene/4H-SiC) [45] , whereas the structure comprising a buffer layer exhibits a significantly reduced barrier height of 0.36 ± 0.1 eV (epitaxial graphene/4H-SiC) [15] and 0.55 ± 0.05 eV (epitaxial graphene/4H-SiC) [45] . [44] . Red atoms correspond to silicon adatoms; black atoms represent silicon atoms belonging to SiC bulk; yellow balls are C atoms; and cyan atoms are H species. Electron density isosurfaces (blue color) correspond to 0.15 × 10 −3 electrons. Reprinted from Jayasekera et al. [44] . Copyright (2011) with permission from The American Physical Society.
In the case of epitaxial graphene films on the Si-face of SiC substrates, a carbon-rich buffer layer with partial sp 3 hybridization is always formed [46] . As mentioned above, the buffer layer substantially affects the electronic properties of graphene and causes pinning of the Fermi level and the subsequent reduction of the Schottky barrier height ( Figure 5 ). In particular, it was shown that in the absence of the buffer layer, the barrier height is 0.85 ± 0.06 eV (buffer-free deposited graphene/4H-SiC) [15] and 0.75 ± 0.05 eV (buffer-free hydrogen-intercalated graphene/4H-SiC) [45] , whereas the structure comprising a buffer layer exhibits a significantly reduced barrier height of 0.36 ± 0.1 eV (epitaxial graphene/4H-SiC) [15] and 0.55 ± 0.05 eV (epitaxial graphene/4H-SiC) [45] . (0001) and (b) hydrogen-intercalated graphene/4H-SiC(0001). AEG and HEG denote as-grown epitaxial graphene and hydrogen intercalated epitaxial graphene, respectively. During hydrogen intercalation, the Dirac point of graphene (ED) is shifted towards EF, thereby leading to the increase in the work function of graphene and the Schottky barrier height (SBH) [45] . Reprinted from Dharmaraj et al. [45] . Copyright (2016) with permission from The American Institute of Physics (AIP). [15] . EG denotes the epitaxial graphene on SiC substrate, with the buffer layer. EC represents the energy of the conduction band edge; EF is the Fermi energy for the bulk 4H-SiC; EF,EG is the Fermi energy of epitaxial graphene grown on the SiC surface by the thermal decomposition technique. ΦEG is the Schottky barrier height. EDirac corresponds to the Dirac point energy. Due to the presence of the buffer layer, the Fermi level pinning above the Dirac point occurs.
Experimental Control of the Barrier Height at the Graphene/SiC Interface
In some cases, the height and the width of the potential barrier become low/narrow enough for the electrons to easily tunnel through or overcome the barrier. In this case, the epitaxial graphene demonstrates an ohmic behavior with respect to the silicon carbide, and a linear current-voltage characteristic has been observed [21, 45, 47] . Apparently, it is caused by increasing the density of unsaturated dangling bonds contributing to the pinning of the Fermi level and leading to a significant doping of epitaxial graphene. In fact, increased sp 3 hybridization at the interface will result in the appearance of additional conduction channels, whereby there is a significant decrease of the contact resistance. Hertel et al. [47] have studied the electrical properties of the graphene/SiC heterointerface by a linear transfer length method. It was shown that the formation of an ohmic contact to the weakly-doped 6H-SiC is associated with the low energy barrier ΦB = 0.3 eV between (0001) and (b) hydrogen-intercalated graphene/4H-SiC(0001). AEG and HEG denote as-grown epitaxial graphene and hydrogen intercalated epitaxial graphene, respectively. During hydrogen intercalation, the Dirac point of graphene (E D ) is shifted towards E F , thereby leading to the increase in the work function of graphene and the Schottky barrier height (SBH) [45] . Reprinted from Dharmaraj et al. [45] . Copyright (2016) with permission from The American Institute of Physics (AIP). . AEG and HEG denote as-grown epitaxial graphene and hydrogen intercalated epitaxial graphene, respectively. During hydrogen intercalation, the Dirac point of graphene (ED) is shifted towards EF, thereby leading to the increase in the work function of graphene and the Schottky barrier height (SBH) [45] .
Reprinted from Dharmaraj et al. [45] . Copyright (2016) with permission from The American Institute of Physics (AIP).
Figure 5.
Band diagram of Schottky contact between graphene and SiC in the presence of a buffer layer at the interface [15] . EG denotes the epitaxial graphene on SiC substrate, with the buffer layer. EC represents the energy of the conduction band edge; EF is the Fermi energy for the bulk 4H-SiC; EF,EG is the Fermi energy of epitaxial graphene grown on the SiC surface by the thermal decomposition technique. ΦEG is the Schottky barrier height. EDirac corresponds to the Dirac point energy. Due to the presence of the buffer layer, the Fermi level pinning above the Dirac point occurs.
Experimental Control of the Barrier Height at the Graphene/SiC Interface
In some cases, the height and the width of the potential barrier become low/narrow enough for the electrons to easily tunnel through or overcome the barrier. In this case, the epitaxial graphene demonstrates an ohmic behavior with respect to the silicon carbide, and a linear current-voltage characteristic has been observed [21, 45, 47] . Apparently, it is caused by increasing the density of unsaturated dangling bonds contributing to the pinning of the Fermi level and leading to a significant doping of epitaxial graphene. In fact, increased sp 3 hybridization at the interface will result in the appearance of additional conduction channels, whereby there is a significant decrease of the contact resistance. Hertel et al. [47] have studied the electrical properties of the graphene/SiC heterointerface by a linear transfer length method. It was shown that the formation of an ohmic contact to the weakly-doped 6H-SiC is associated with the low energy barrier ΦB = 0.3 eV between [15] . EG denotes the epitaxial graphene on SiC substrate, with the buffer layer. E C represents the energy of the conduction band edge; E F is the Fermi energy for the bulk 4H-SiC; E F,EG is the Fermi energy of epitaxial graphene grown on the SiC surface by the thermal decomposition technique. Φ EG is the Schottky barrier height. E Dirac corresponds to the Dirac point energy. Due to the presence of the buffer layer, the Fermi level pinning above the Dirac point occurs. Reprinted from Sonde et al. [15] . Copyright (2009) with permission from The American Physical Society.
In some cases, the height and the width of the potential barrier become low/narrow enough for the electrons to easily tunnel through or overcome the barrier. In this case, the epitaxial graphene demonstrates an ohmic behavior with respect to the silicon carbide, and a linear current-voltage characteristic has been observed [21, 45, 47] . Apparently, it is caused by increasing the density of unsaturated dangling bonds contributing to the pinning of the Fermi level and leading to a significant doping of epitaxial graphene. In fact, increased sp 3 hybridization at the interface will result in the appearance of additional conduction channels, whereby there is a significant decrease of the contact resistance. Hertel et al. [47] have studied the electrical properties of the graphene/SiC heterointerface by a linear transfer length method. It was shown that the formation of an ohmic contact to the weakly-doped 6H-SiC is associated with the low energy barrier Φ B = 0.3 eV between the epitaxial graphene and 6H-SiC due to a small mismatch between the work functions of both materials. As a consequence, the electrons can overcome this barrier at ambient temperature, causing a current flow. The contact resistance can be improved by increasing the donor concentration through ion implantation under the contact. This reduces the barrier width, and tunneling through the barrier creates an additional conduction channel. In the same study, a comparative analysis of the electrical properties of two partners (graphene-4H-SiC and graphene-6H-SiC) was carried out. Since 4H-SiC has a lower value of the work function (by 0.3 eV), compared with 6H-SiC, a higher Schottky barrier of Φ B = 0.6 eV is formed at the interface graphene/4H-SiC, thereby contributing to an increase of the contact resistance. In turn, the work function of graphene varies significantly with the number of layers ( Figure 6 ) as was reported in a recent paper by Mammadov et al. [48] . In particular, it was found that the buffer layer has a reduced work function of 3.89 ± 0.05 eV, and every subsequent layer leads to increasing the work function, reaching a value of 4.43 ± 0.05 eV for the case of trilayer graphene. On the other hand, annealing of the zero graphene layer in an ultra-pure hydrogen environment leads to the growth of quasi-free-standing monolayer (QFMLG) graphene with a lack of buffer layer. QFMLG has a much greater work function of about 4.79 ± 0.05 eV. At that, the work function decreases with increasing numbers of layers to a value of 4.63 ± 0.05 eV for the quasi-free-standing trilayer graphene (QFTLG). From a practical point of view, this is a very important result, because the optimum performance of devices based on Schottky diodes requires a constant and uniform barrier height across the interface, not varying over the interfacial surface. Samples with a non-uniform thickness will demonstrate a wide variation of values of the work function and Schottky barrier height for the entire sample area. Indeed, as can be seen from the histogram in Figure 7 , different authors reported on the large spread of this parameter for Schottky diodes based on nominally the same material [22] .
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As can be seen from this histogram, the Schottky barrier height at the graphene/SiC heterointerface is strongly sensitive to the growth method and the graphene thickness. Furthermore, as was reported earlier, the unintentional presence of unavoidable natural ripples and ridges in epitaxial graphene on SiC may also cause the fluctuations in the Schottky barrier height [49] [50] [51] [52] [53] [54] . The key factors influencing the uniformity of the Schottky barrier height for graphene/SiC structures are the homogeneity of the graphene thickness, the quality of the grown interface (defects, pits, dislocations, surface roughness), the kind of grown interface (SiC polytypism, face polarity) and the growth conditions. We found that the Schottky junctions formed by the high-temperature Si sublimation approach [55] exhibit the smallest standard deviation of the mean value of the Schottky barrier height. This can be explained by the fact that the graphenization process via thermal decomposition of SiC promotes the formation of large-scale homogeneous epitaxial graphene layers [56] [57] [58] [59] . As can be seen from this histogram, the Schottky barrier height at the graphene/SiC heterointerface is strongly sensitive to the growth method and the graphene thickness. Furthermore, as was reported earlier, the unintentional presence of unavoidable natural ripples and ridges in epitaxial graphene on SiC may also cause the fluctuations in the Schottky barrier height [49] [50] [51] [52] [53] [54] . The key factors influencing the uniformity of the Schottky barrier height for graphene/SiC structures are the homogeneity of the graphene thickness, the quality of the grown interface (defects, pits, dislocations, surface roughness), the kind of grown interface (SiC polytypism, face polarity) and the growth conditions. We found that the Schottky junctions formed by the high-temperature Si sublimation approach [55] exhibit the smallest standard deviation of the mean value of the Schottky barrier height. This can be explained by the fact that the graphenization process via thermal decomposition of SiC promotes the formation of large-scale homogeneous epitaxial graphene layers [56] [57] [58] [59] .
Indeed, our I-V measurements of the graphene (99% of the total coverage is monolayer)/4H-SiC(0001) vertical device revealed the very stable rectifying behavior of the graphene/SiC diode (Figure 8 ). In line with the statistical distribution, the determined values of the Schottky barrier height range from 0.46-0.503 eV for the graphene/SiC junction, while the ideality factor ranges from 1.011-1.026. The standard deviations yield 0.013 eV and 0.0049 for the two parameters, respectively. We determined that the mean values of Schottky barrier height and ideality factor of the Schottky diode are 0.4879 eV and 1.018, respectively. The extracted value of the Schottky barrier height coincides well with the theoretical value of 0.5 eV. In comparison to previously-reported results, our sample (by virtue of the high thickness uniformity) demonstrates the smallest reported value of the standard deviation for the Schottky barrier height. Indeed, our I-V measurements of the graphene (99% of the total coverage is monolayer)/4H-SiC(0001) vertical device revealed the very stable rectifying behavior of the graphene/SiC diode ( Figure 8 ). In line with the statistical distribution, the determined values of the Schottky barrier height range from 0.46 to 0.503 eV for the graphene/SiC junction, while the ideality factor ranges from 1.011 to 1.026. The standard deviations yield 0.013 eV and 0.0049 for the two parameters, respectively. We determined that the mean values of Schottky barrier height and ideality factor of the Schottky diode are 0.4879 eV and 1.018, respectively. The extracted value of the Schottky barrier height coincides well with the theoretical value of 0.5 eV. In comparison to previously-reported results, our sample (by virtue of the high thickness uniformity) demonstrates the smallest reported value of the standard deviation for the Schottky barrier height.
Multifunctional properties of the graphene-silicon carbide interface have been used to create a monolithic transistor based on a single platform ( Figure 9 ) [21] . It should be noted that in this case, the graphene plays a dual role. On the one hand, the graphene forms ohmic contacts to silicon carbide, thus acting as the source and drain. On the other hand, the graphene forms a Schottky barrier and plays the role of the gate contact. Interestingly, the presence or absence of the buffer layer is the key factor that determines the role of graphene. Epitaxial graphene monolayer (electron density and carrier mobility are equal to n = 10 13 cm −2 , µ e = 900 cm 2 ·V·s −1 , respectively) with a carbon-rich buffer layer underneath (Figure 9b ) exhibits an ideal ohmic behavior, despite the weak doping level of silicon carbide. Upon hydrogen intercalation (in H 2 atmosphere at 850 • C), the buffer layer is decoupled from the substrate, and quasi-free-standing bilayer graphene is formed (Figure 9c ) with the following parameters: hole density p = 10 13 cm −2 , µ h = 2.000 cm 2 ·V·s −1 at room temperature. Indeed, in this case, breaking of the covalent bonds between the graphene and silicon carbide occurs, and the remaining dangling bonds are saturated with hydrogen atoms. As a result, the buffer layer is converted to an Crystals 2017, 7, 162 9 of 18 additional layer of graphene. Since quasi-free-standing bilayer graphene (QFBLG) on SiC exhibits rectifying behavior inherent to the Schottky diode, it can be used as the gate contact. Analysis of the capacitance-voltage and current-voltage characteristics allowed estimating both the lower limit of barrier height (φ B,IV = 0.9 eV) and the upper limit (φ B,CV = 1.1 eV ... 1.6 eV). The high value of the barrier height and negligible leakage current meet the main requirements of the Schottky diodes. Despite the fact that QFBLG forms a Schottky contact to n-type SiC, large fluctuations in the Schottky barrier height over the entire area of contact between the two materials are still a significant problem, limiting the fabrication of high-performance transistors. Importantly, a complete deactivation of the buffer layer due to the hydrogen-induced intercalation could lead to the conductivity type switching in graphene from n-type to p-type. This phenomenon is due to the intrinsic spontaneous polarization of the hexagonal silicon carbide substrate and results in both a substantial increase in the Schottky barrier height of more than >1 eV [45] and even the activation of another kind of current in a p-n junction, which is governed by recombination or generation processes within the p-n diode structure. Multifunctional properties of the graphene-silicon carbide interface have been used to create a monolithic transistor based on a single platform ( Figure 9 ) [21] . It should be noted that in this case, the graphene plays a dual role. On the one hand, the graphene forms ohmic contacts to silicon carbide, thus acting as the source and drain. On the other hand, the graphene forms a Schottky barrier and plays the role of the gate contact. Interestingly, the presence or absence of the buffer layer is the key factor that determines the role of graphene. Epitaxial graphene monolayer (electron density and carrier mobility are equal to n = 10 13 cm −2 , μe = 900 cm 2 ·V·s −1 , respectively) with a carbon-rich buffer layer underneath (Figure 9b ) exhibits an ideal ohmic behavior, despite the weak doping level of silicon carbide. Upon hydrogen intercalation (in H2 atmosphere at 850 °C), the buffer layer is decoupled from the substrate, and quasi-free-standing bilayer graphene is formed (Figure 9с ) with the following parameters: hole density p = 10 13 cm −2 , μh = 2.000 cm 2 ·V·s −1 at room temperature. Indeed, in this case, breaking of the covalent bonds between the graphene and silicon carbide occurs, and the remaining dangling bonds are saturated with hydrogen atoms. As a result, the buffer layer is converted to an additional layer of graphene. Since quasi-free-standing bilayer graphene (QFBLG) on SiC exhibits rectifying behavior inherent to the Schottky diode, it can be used as the gate contact. Analysis of the capacitance-voltage and current-voltage characteristics allowed estimating both the lower limit of barrier height (φB,IV = 0.9 eV) and the upper limit (φB,CV = 1.1 eV ... 1.6 eV). The high value of the barrier height and negligible leakage current meet the main requirements of the Schottky diodes. Despite the fact that QFBLG forms a Schottky contact to n-type SiC, large fluctuations in the Schottky barrier height over the entire area of contact between the two materials are still a significant problem, limiting the fabrication of high-performance transistors. Importantly, a complete deactivation of the buffer layer due to the hydrogen-induced intercalation could lead to the conductivity type switching in graphene from n-type to p-type. This Butt et al. [60] demonstrated the important role of the buffer layer beneath graphene in the process of the photogeneration of carriers in a transistor. It is known that the strong interaction between the substrate and the buffer layer contributes to lowering the energy barrier, while the complete deactivation of the buffer layer will lead to a significant increase in the Schottky barrier. The aforementioned work confirmed that the absence of an energy barrier at the interface causes the carrier injection rate to become equal to the rate of the thermal generation of carriers and becomes dependent on the thickness and barrier height at the interface. Figure 10 shows the qualitative phenomenon of photo-induced electrostatic doping of graphene. The energy diagrams of the SiC/graphene interface along the direction perpendicular to the channel are shown for different injection rate limits in dark and light conditions with the illustrated charge density in SiC. As a result of the photogeneration of carriers in SiC in the light regime, holes drift in the direction of the source and drain contacts due to the voltage applied to the gate (V bg = 20 V). In the absence of a barrier at the graphene/SiC interface, the injection rate is equal to the thermal generation rate, and therefore, holes do not accumulate at the interface. In this situation, spatial charge separation does not occur at the interface, and thus, the substrate-induced electrostatic effect in graphene is negligible, as shown in Figure 10b . In the presence of the energy barrier at the interface (the injection rate is less than the thermal generation rate), the drift of the photogenerated carriers from the substrate results in charge accumulation in the vicinity of the surface of the SiC (Figure 10c,d ). [21] . In (b,c), the orange atoms correspond to silicon adatoms; grey balls are C atoms; and red/green atoms are H species. Reprinted from Hertel et al. [21] . Copyright (2012) with permission from Macmillan Publishers Limited.
Butt et al. [60] demonstrated the important role of the buffer layer beneath graphene in the process of the photogeneration of carriers in a transistor. It is known that the strong interaction between the substrate and the buffer layer contributes to lowering the energy barrier, while the complete deactivation of the buffer layer will lead to a significant increase in the Schottky barrier. The aforementioned work confirmed that the absence of an energy barrier at the interface causes the carrier injection rate to become equal to the rate of the thermal generation of carriers and becomes dependent on the thickness and barrier height at the interface. Figure 10 shows the qualitative phenomenon of photo-induced electrostatic doping of graphene. The energy diagrams of the SiC/graphene interface along the direction perpendicular to the channel are shown for different injection rate limits in dark and light conditions with the illustrated charge density in SiC. As a result of the photogeneration of carriers in SiC in the light regime, holes drift in the direction of the source and drain contacts due to the voltage applied to the gate (Vbg = 20 V). In the absence of a barrier at the graphene/SiC interface, the injection rate is equal to the thermal generation rate, and therefore, holes do not accumulate at the interface. In this situation, spatial charge separation does not occur at the interface, and thus, the substrate-induced electrostatic effect in graphene is negligible, as shown in Figure 10b . In the presence of the energy barrier at the interface (the injection rate is less than the thermal generation rate), the drift of the photogenerated carriers from the substrate results in charge accumulation in the vicinity of the surface of the SiC (Figure 10c,d ). [21] . In (b,c), the orange atoms correspond to silicon adatoms; grey balls are C atoms; and red/green atoms are H species. Reprinted from Hertel et al. [21] . Copyright (2012) with permission from Macmillan Publishers Limited. No electrostatic doping in graphene is observed in dark conditions. Vg is the voltage applied to the gate; Vinj is velocity of carrier injection from the SiC into the graphene; and Vth is the carrier's thermal velocity, respectively. Graphene becomes n-type after applying forward bias in the "light" regime (c) and p-type after applying a reverse bias in the light "regime" (d) [60] . Reprinted from Butt et al. [60] . Copyright (2015) with permission from IEEE.
At this point, we would like to draw the reader's attention to the difference between the aforementioned current transport mechanisms through the graphene/SiC heterointerface:
(1) If the potential barrier is wide and high (as in the case of stable Schottky diode, formed on the buffer-layer free graphene and SiC), the current is driven by thermal excitation of the electrons and their transfer from the silicon carbide into graphene (thermionic emission). (2) If the potential barrier at the interface is rather narrow (due to the strong interaction between the buffer layer and the topmost layers of silicon carbide), then current flows due to tunneling No electrostatic doping in graphene is observed in dark conditions. V g is the voltage applied to the gate; V inj is velocity of carrier injection from the SiC into the graphene; and V th is the carrier's thermal velocity, respectively. Graphene becomes n-type after applying forward bias in the "light" regime (c) and p-type after applying a reverse bias in the light "regime" (d) [60] . Reprinted from Butt et al. [60] . Copyright (2015) with permission from IEEE.
(1) If the potential barrier is wide and high (as in the case of stable Schottky diode, formed on the buffer-layer free graphene and SiC), the current is driven by thermal excitation of the electrons and their transfer from the silicon carbide into graphene (thermionic emission). (2) If the potential barrier at the interface is rather narrow (due to the strong interaction between the buffer layer and the topmost layers of silicon carbide), then current flows due to tunneling through energy barriers regardless of their width and energy height (ohmic contact formation). (3) In some intermediate cases, epitaxial graphene may consist of sp 2 -bonded carbon atoms with a small fraction of sp 3 hybridized carbon species bound to SiC (less than 30%). It is clear that under such conditions, the currents through the interface are regulated by two competing mechanisms: thermal excitation of carriers and their tunneling through the top of the barrier. In this scenario, a Schottky barrier is high enough to provide rectifying behavior. On the other hand, the leakage current will be increased substantially, thus degrading the performance of the diode.
Observations of Uncommon Phenomena at the Graphene/SiC Interface
It is important to note that some heterostructures consisting of epitaxial graphene on silicon carbide can exhibit behavior that significantly differs from both the ohmic contact and the Schottky contact. Contrary to the Schottky diodes, the potential barrier height (2.53 eV [23] , 2.70 eV [61] and 2.90 eV [24] ) in such structures can be as large as the band gap energy of silicon carbide (E g = 3.23 eV). There are possible explanations for these phenomena, which are connected with specific features of the graphenization of SiC, unusual polarization-induced p-type doping of the epitaxial graphene or even more likely the formation of the p-n junction between graphene and SiC.
Indeed, Andersson et al. [23] found that the I-V characteristics across the n-type epitaxial graphene/p-SiC interface are better described by a p-n diode model than by thermionic emission. According to this theory, the carrier transport mechanism through the anisotype graphene/silicon carbide p-n junction is governed by diffusion and recombination of carriers in the quasi-neutral region. In order to confirm the applicability of the theory, electroluminescence studies were performed, allowing one to obtain a direct proof of the radiative recombination in the silicon carbide layers. If a forward or reverse-biasing voltage is applied across the p-n junction, a visible emission at the edges of the graphene mesa is observed, as shown in the in Figure 11b . The observed peak at 410 nm (3.02 eV) is associated with an optical radiative transition between the acceptor level and the conduction band in SiC. This proves the injection of minority carriers in silicon carbide from the graphene side. In principle, the injection of minority carriers is also possible in the case of a Schottky diode, but the injection ratio is negligible because of the low carrier density in the SiC [62] . Therefore, these experimental observations are more likely associated with the formation of a heterojunction than a Schottky barrier. It is assumed that in this case, an anisotype (p-n) transition type 1 is formed, with a dominant current due to recombination and diffusion in the forward bias regime and reverse bias leakage caused by thermal generation. The band diagram of the system being studied is shown in the Figure 11a .
In another work, Anderson et al. [61] have performed a comparative analysis of the electrical properties of the anisotype p-n junction (n-type epitaxial graphene/p-type SiC) and isotype p-p junction (p-type epitaxial graphene/p-type SiC) in the dark and light regimes. Band diagrams for these devices are shown in Figure 12 .
Expectedly, the p-n junction exhibits well-pronounced rectifying behavior with small leakage current (Figure 13a ), suggesting the dominating character of the drift-diffusion mechanism of current transport. Within this model, the leakage current at the reverse bias is negligible, because it consists of only diffusion and thermal generation current components. On the other hand, the p-type graphene/p-type SiC structure behaves like the typical isotype p-p junction or the Schottky diode (Figure 13b ). The charge transport through the device with the dominant role of the majority carriers in the forward bias regime is governed by thermionic emission, whereas the leakage current in the reverse bias mode increases linearly with increasing reverse voltage.
diode, but the injection ratio is negligible because of the low carrier density in the SiC [62] . Therefore, these experimental observations are more likely associated with the formation of a heterojunction than a Schottky barrier. It is assumed that in this case, an anisotype (p-n) transition type 1 is formed, with a dominant current due to recombination and diffusion in the forward bias regime and reverse bias leakage caused by thermal generation. The band diagram of the system being studied is shown in the Figure 11a . [23] . EG,SiC is the band gap energy of the bulk SiC; EG,EG is the band gap energy of the epitaxial graphene. EF is the Fermi energy; EC (EV) is the energy of the conduction (valence) band edge; and qψbi is the barrier height, respectively. ΔEV and ΔEC are the expected valence and conduction band discontinuities. Reprinted from Anderson et al. [23] . Copyright (2012) with permission from IEEE.
Expectedly, the p-n junction exhibits well-pronounced rectifying behavior with small leakage current (Figure 13a ), suggesting the dominating character of the drift-diffusion mechanism of current transport. Within this model, the leakage current at the reverse bias is negligible, because it consists of only diffusion and thermal generation current components. On the other hand, the p-type graphene/p-type SiC structure behaves like the typical isotype p-p junction or the Schottky diode (Figure 13b ). The charge transport through the device with the dominant role of the majority carriers in the forward bias regime is governed by thermionic emission, whereas the leakage current in the reverse bias mode increases linearly with increasing reverse voltage. [23] . E G,SiC is the band gap energy of the bulk SiC; E G,EG is the band gap energy of the epitaxial graphene. E F is the Fermi energy; E C (E V ) is the energy of the conduction (valence) band edge; and qψ bi is the barrier height, respectively. ∆E V and ∆E C are the expected valence and conduction band discontinuities. Reprinted from Anderson et al. [23] .
Copyright (2012) with permission from IEEE. Schemes showing the band diagrams for the n-type epitaxial graphene/p-type SiC (a) and p-type epitaxial graphene/p-type SiC (b) junctions [61] . EG,SiC is the band gap energy of the bulk SiC; EG,EG is the band gap energy of the epitaxial graphene. EF is the Fermi energy; EC (EV) is the energy of the conduction (valence) band edge; and qψbi is the barrier height, respectively. Reprinted from Anderson et al. [61] . Copyright (2015) with permission from The Japan Society of Applied Physics. Figure 13 . Dependences of the current-voltage characteristics on the illumination wavelength for different devices: n-type epitaxial graphene/p-type SiC (a) and p-type epitaxial graphene/p-type SiC (b) junctions [61] . Reprinted from Anderson et al. [61] . Copyright (2015) with permission from The Japan Society of Applied Physics. Schemes showing the band diagrams for the n-type epitaxial graphene/p-type SiC (a) and p-type epitaxial graphene/p-type SiC (b) junctions [61] . E G,SiC is the band gap energy of the bulk SiC; E G,EG is the band gap energy of the epitaxial graphene. E F is the Fermi energy; E C (E V ) is the energy of the conduction (valence) band edge; and qψ bi is the barrier height, respectively. Reprinted from Anderson et al. [61] . Copyright (2015) with permission from The Japan Society of Applied Physics.
Interestingly, some authors reported that bound quantum states may occur at the graphene/n-type SiC heterointerface [24] . This phenomenon is probably due to the formation of deep (2.9 eV) and narrow (2.15 Å) barriers, the so-called layered nanostructure with the hole quantum well (QW) potential relief ( Figure 14a illustrates the band diagram of the investigated structure). The authors emphasized that the carbon-rich buffer layer with surface reconstruction (6 √ 3 × 6 √ 3) R30 • plays the role of the wide band-gap layer, since the chemical interaction between the interfacial layer and SiC diminishes the π-electronic subsystem and opens a gap. According to the literature data, such an energy gap can reach~2 eV for the (6 √ 3 × 6 √ 3) R30 • layer [63] . Due to these features, the top of the graphene valence band (shaded area in Figure 14a ) looks like a hole quantum well, and the quantum confinement of the electrons normal to graphene plane is expected. As can been seen from Figure 14b , three distinguished peaks near the Fermi level at energies of E 1 = 0.3 eV, E 2 = 1.2 eV and E 3 = 2.6 eV are present on the valence band density of states. These singularities were attributed to the quantum well bound states. Taking into account the fact that these peaks are absent on the valence band spectra of graphite and SiC substrate, they have a graphene-like nature. In addition, the authors reasonably assumed that the observed valence band features (E 1 , E 2 and E 3 ) cannot be assigned to the buffer layer because previous studies showed that the (6 √ 3 × 6 √ 3) R30 • buffer layer is only responsible for the appearance of two additional peaks g 1 and g 2 at binding energies of 0.5 and 1.6 eV [1,64], which do not coincide with the E 1 , E 2 and E 3 peaks.
Figure 12.
Schemes showing the band diagrams for the n-type epitaxial graphene/p-type SiC (a) and p-type epitaxial graphene/p-type SiC (b) junctions [61] . EG,SiC is the band gap energy of the bulk SiC; EG,EG is the band gap energy of the epitaxial graphene. EF is the Fermi energy; EC (EV) is the energy of the conduction (valence) band edge; and qψbi is the barrier height, respectively. Reprinted from Anderson et al. [61] . Copyright (2015) with permission from The Japan Society of Applied Physics. Figure 13 . Dependences of the current-voltage characteristics on the illumination wavelength for different devices: n-type epitaxial graphene/p-type SiC (a) and p-type epitaxial graphene/p-type SiC (b) junctions [61] . Reprinted from Anderson et al. [61] . Copyright (2015) with permission from The Japan Society of Applied Physics.
Interestingly, some authors reported that bound quantum states may occur at the graphene/n-type SiC heterointerface [24] . This phenomenon is probably due to the formation of deep (2.9 eV) and narrow (2.15 Å) barriers, the so-called layered nanostructure with the hole quantum well (QW) potential relief ( Figure 14a illustrates the band diagram of the investigated structure). The authors emphasized that the carbon-rich buffer layer with surface reconstruction (6√3 × 6√3) R30° plays the role of the wide band-gap layer, since the chemical interaction between the interfacial layer and SiC diminishes the π-electronic subsystem and opens a gap. According to the literature data, such an energy gap can reach ~2 eV for the (6√3 × 6√3) R30° layer [63] . Due to these features, the top of the graphene valence band (shaded area in Figure 14a ) looks like a hole quantum well, and the quantum confinement of the electrons normal to graphene plane is expected. As can been seen from Figure 14b , three distinguished peaks near the Fermi level at energies of E1 = 0.3 eV, E2 = 1.2 eV and E3 = 2.6 eV are present on the valence band density of states. These singularities were attributed to the quantum well bound states. Taking into account the fact that these peaks are absent on the valence band spectra of graphite and SiC substrate, they have a graphene-like nature. In addition, the authors reasonably assumed that the observed valence band features (E1, E2 and E3) cannot be assigned to the buffer layer because previous studies showed that the (6√3 × 6√3) R30° buffer layer is only responsible for the appearance of two additional peaks g1 and g2 at binding energies of 0.5 and 1.6 eV [1,64], which do not coincide with the E1, E2 and E3 peaks. [24] . ED is the Dirac point energy; EF is the Fermi energy; CB is the bottom of the conduction band; and VB is the top of the valence band, receptively. Reprinted from Mikoushkin et al. [24] . Copyright (2015) with permission from Elsevier. [24] . E D is the Dirac point energy; E F is the Fermi energy; CB is the bottom of the conduction band; and VB is the top of the valence band, receptively. Reprinted from Mikoushkin et al. [24] . Copyright (2015) with permission from Elsevier. From our previous work [70] , we know that the quality of graphene (thickness, uniformity) and its physical properties are highly sensitive to the status of the SiC substrate, including the miscut angle, kind of polytype and face polarity. Therefore, the reliable control of the barrier height requires a clear understanding of the fundamental relation between the properties of the SiC substrate and the quality of the graphene layers.
Concluding Remarks
The electrical properties of the graphene/silicon carbide heterointerface have been discussed in order to illustrate the buffer layer role in carrier transport via the heterointerface and the fundamental reasons underlying the barrier height modulation. Although the theoretical value of the barrier height was estimated to be 0.5 eV, it could not be achieved in most experiments, and large deviations from the ideal value, as well as barrier height inhomogeneity have been frequently observed. Such behavior can be understood in terms of structural imperfections (high sp 2 /sp 3 hybridization ratio, thickness nonuniformity, domains with different doping levels, ripples, etc.) unintentionally appearing during the graphenization process. In this regard, a reliable and precise control of the barrier height is imperative for further implementation of the epitaxial graphene technology into realistic Schottky diode-based electronic devices. Possible ways to achieve such control might involve the complete decoupling of the carbon-rich buffer layer from the substrate. Indeed, the buffer layer-free samples always offer an enhanced value of the barrier height and a more pronounced Schottky-type rectifying behavior with current transport governed by the thermionic emission mechanism. In the case of the strong interaction between the buffer layer and SiC, deviations from theoretical predictions are observed towards reduced barrier heights. Furthermore, fine tuning of the interfacial chemistry (mainly the sp 2 /sp 3 hybridization ratio) makes possible the transition from the Schottky-like contact to the ohmic-like one. An analysis of the literature data led us to deduce that the rarely observed high potential barrier (>2 eV) at the interface seems to be a key factor, which primarily determines the dominant role of the drift-diffusion mechanism in charge transport via the heterostructure. We believe that the barrier height modulation is a good strategy for the development of a monolithic electronic platform comprising the different kinds of graphene behaviors (ohmic contact, Schottky contact, gate dielectric, electrically-active counterpart in p-n junction and quantum well) by the most promising and controllable graphitization technique: high-temperature thermal decomposition of the SiC substrate in an argon ambient environment.
Future work should aim at deeper investigations of the relationship "carrier density in graphene-thickness of graphene-barrier height at the interface" to provide more complete physical insights into the current transport via the graphene/SiC interface and facilitate further applications.
